, and neither ToxB ure 1A). When CytD (1 M) was added, LTF measured nor CytD alone altered the level of depression (ToxB, at 24 hr was reduced by about half (5-HT + CytD, −21% ± 2.8%, n = 16, p = 0.43; CytD, −25% ± 2.1%, 67% ± 18%, n = 8, p < 0.05 versus 5-HT, 129% ± 29%, n = 16, p = 0.07 versus no 5-HT). n = 10), whereas CytD by itself had no effect (CytD, 3.6% ± 25%, n = 10, p = 0.49 versus no 5-HT, 4.1% ± Injection of ToxB into Sensory Neurons 8.2%, n = 9). Actin polymerization in response to exReduces LTF tracellular stimuli is often regulated by the Rho family To further differentiate whether it is the pre-or the postof GTPases (Etienne-Manneville and Hall, 2003) . We synaptic cell that critically requires the Rho GTPases, therefore asked whether Clostridium difficile toxin B we injected ToxB (50 ng/ml) into either the presynaptic (ToxB), an inhibitor for the Rho family of GTPases (Aktosensory neuron or the postsynaptic motor neuron L7 ries, 1997), also blocks LTF. When ToxB (500 ng/ml) was ( Figure 1C ). Injection of ToxB into the sensory neuron added to cultures following five pulses of 5-HT, LTF at reduced LTF at 24 hr (SN/ToxB + 5-HT, 35% ± 18%, n = 24 hr was significantly reduced (5-HT + ToxB, 31% ± 11, p < 0.01 versus 5-HT, 110% ± 17%, n = 9), whereas 18%, n = 9, p < 0.01 versus 5-HT) ( Figure 1A ). ToxB injection of ToxB into the motor neuron resulted in only alone did not affect basal synaptic transmission (ToxB, a slight reduction that was not statistically significant 9% ± 14%, n = 7, p = 0.39 versus no 5-HT) (MN/ToxB + 5-HT, 91% ± 16%, n = 11, p = 0.21 versus We next examined the effects of ToxB and CytD on 5-HT). Injection into either sensory or motor neurons short-term facilitation (STF) induced by a single pulse alone did not alter basal transmission (SN/ToxB, 15% ± of 10 M 5-HT ( Figure 1B) . In control cells, 5-HT pro-7.1%, n = 9; MN/ToxB, 13% ± 8.0%, n = 9). duced a significant increase in the amplitude of EPSPs measured at 5 min (5-HT control, 71% ± 14%, n = 9, ToxB Blocks the Growth of New Sensory Neuron p < 0.0001 versus no 5-HT, −20% ± 2.5%, n = 7). When
Varicosities Associated with LTF ToxB was added 3 hr prior to stimulation, STF was unTo examine the effect of ToxB on learning-related synaffected and was similar to 5-HT controls (5-HT + ToxB, aptic growth, sensory neurons were injected with 5-car-63% ± 22%, n = 11, p = 0.38 versus 5-HT). STF also boxyfluorescein, and changes in the number of sensory was not blocked by application of 1 M CytD (5-HT + neuron varicosities in contact with the initial segment CytD, 57% ± 14%, n = 13, p = 0.24 versus 5-HT). Conand the cell body of motor neurons were counted betrol cells (no 5-HT stimulation) displayed homosynaptic depression (−20% ± 2.5%, n = 7) as previously defore (−3 hr) and 24 hr after repeated pulses of 5-HT ( Figures 1D and 1E Figure 3A) . GFP fluorescence was observed as early as 6 hr after the DNA injection, and the expression level in the number of varicosities (5-HT + ToxB, 0.4% ± 2.7%, n = 13, p < 0.05 versus 5-HT) and were consisreached a plateau by 24 hr, which lasted at least 2-3 days. The subcellular distribution of Rho GTPases was tently associated with reduced levels of LTF (5-HT + ToxB, 20% ± 12%, n = 13, p < 0.01 versus 5-HT, 76% ± similar to that of GFP alone or a fluorescent dye and was found throughout the entire neuron, including the 17%, n = 10). Analysis of the net gain and loss of varicosities indicated that the growth of new varicosities was cell body, axonal processes, and presynaptic varicosities. selectively inhibited by ToxB, whereas the loss of varicosities was unaffected (5-HT + ToxB, 8.7% ± 2.6%
Since GFP-fused Rho GTPases are expressed cellwide, we were able to monitor directly the structural gain, 10.4% ± 0.1% loss, versus 5-HT, 48% ± 4.6% gain, 12% ± 0.3% loss).
changes at individual sensory neuron varicosities induced by 5-HT ( Figure 3B ). We found that expression of ApCdc42T17N in sensory neurons resulted in a sigCloning of Aplysia Rho GTPases and mRNA nificant reduction in the formation of new presynaptic Expression in Sensory and Motor Neurons varicosities (ApCdc42T17N + 5-HT, 2.6% ± 6.1%, n = 9, To identify which members of the Rho family of p < 0.01 versus control + 5-HT, 25% ± 6.5%, n = 12; GTPases are required for both LTF and synaptic growth, Figure 3C ). In contrast, expression of ApRacT17N or we screened the cDNAs for Aplysia Rho GTPases. The ApRhoT19N did not block the 5-HT-induced growth of cDNAs encoding Rac and Cdc42 were successfully isonew varicosities (ApRacT17N + 5-HT, 24% ± 10%, n = lated, whereas Rho was cloned by a RT-PCR based on 11, p = 0.46, ApRhoT19N + 5-HT, 14% ± 5.0%, n = 10, the submitted sequence (Madaule and Axel, 1985). p = 0.08 versus control + 5-HT). The expression of However, we did not succeed in isolating other ApCdc42T17N did not completely block 5-HT-induced GTPases such as RhoG.
synaptic growth when compared to untreated controls The deduced amino acid sequences for Aplysia (without 5-HT, −14% ± 3.5%, n = 11, p < 0.05 versus Cdc42, Rac, and Rho (designated as ApCdc42, ApRac, with 5-HT, 2.6% ± 6.1%, n = 9), suggesting that other and ApRho, respectively) showed high sequence hosignaling pathways may also participate in the 5-HTmology with their mammalian counterparts (Figure 2A) . induced long-term structural plasticity. The N-terminal domain that contains both a GTP bindSimilarly, presynaptic expression of ApCdc42T17N ing site and an effector binding site are almost idensignificantly reduced the level of LTF at 24 hr tical, suggesting that the intrinsic properties of the sig-(ApCdc42T17N + 5HT, 40% ± 14%, n = 9, p < 0.01 vernaling pathway that link to either activators (such as sus 5-HT, 92% ± 12%, n = 13) ( Figure 3D ), whereas guanine nucleotide exchange factors) or effectors expression of ApRacT17N or ApRhoT19N did not (such as GTPase-activating proteins and downstream (ApRacT17N + 5HT, 74% ± 30%, n = 14, p = 0.30 versus kinases) are conserved. The threonine residue at site 5-HT; ApRhoT19N + 5HT, 114% ± 32%, n = 13, p = 0.26 35 of ApRac and ApCdc42 or at site 37 of ApRho, which versus 5-HT). is the target glycosylation site for Clostridium difficile ToxB, is also conserved. In contrast, the C-terminal domain is more variable, especially, the C-terminal w10 5-HT-Induced Activation of ApCdc42 and PAK residues highly enriched in positively charged amino To determine whether 5-HT activates ApCdc42, a acids. The cysteine residue at the fourth position from Cdc42 pull-down assay was performed ( Figure 4A ). The the C terminus is conserved across species, which is active form (GTP bound), but not the inactive form required for membrane association.
(GDP bound), of Cdc42 specifically interacts with CRIB The mRNA expression of ApRho, ApRac, and domains of downstream effectors such as N-WASP ApCdc42 was examined by Northern blot analysis (Fig-(Miki et al., 1998 ). We therefore utilized N-WASP-CRIB ure 2B) and showed that mRNAs for all three GTPases to selectively pull down the active form of ApCdc42. are expressed in ganglia and gave rise to distinct sigProtein extracts from Aplysia ganglia treated with 5-HT nals (2.4 and 3.3 kb for ApRho, 4.8 kb for ApRac, and for 0, 3, 6, 9, and 12 hr were incubated with glutathione-5.6 kb for ApCdc42). 5-HT stimulation does not affect Sepharose beads bound to glutathione-S-transferase the level of mRNA expression, suggesting that the tran-(GST)-N-WASP-CRIB. We found that the amount of scription of these GTPases is not dependent on 5-HT.
active ApCdc42 increased significantly 3 hr after 5-HT We have also performed in situ hybridization to examtreatment and reached a peak at 6 hr. In contrast, the ine the mRNA expression in sensory-motor neuron cultotal amount of ApCdc42 remained at similar levels. tures ( Figure 2C and some of these filopodia were subsequently transcreased immediately after 5-HT stimulation, peaked between 6 and 9 hr, and then decreased to basal levels by formed into new varicosities enriched in synaptophysin. Interestingly, the accumulation of synapto-24 hr ( Figure 6B ). The 5-HT-induced changes in FRET signals were found to be much greater at varicosities physin was also found at the tips of some filopodia, which was most likely mediated by actin-myosin-based in contact with the cell body and initial segment of the motor neurons (on-target site, varicosities "a" and "b" intracellular transport. Actin dynamics were most robust at growth cones, which normally express multiple in Figure 6A) , whereas those at varicosities in contact with the minor processes or with the distal portion of filopodia. As was the case in varicosities, in growth cones some filopodia remained stable, and synaptomajor processes of the motor neuron showed no significant increase (off-target site, varicosity "c" in Figure  physin accumulated at their tips. These structural dynamics induced by 5-HT were blocked by the addition 6A). As a control, we also examined sensory neurons without 5-HT stimulation and found no significant of ToxB (500 ng/ml) ( Figure 5G ). In the presence of ToxB, some varicosities lost their synaptophysin signal changes in FRET signals at either on-or off-target varicosities, suggesting that the activation of ApCdc42 in over time, whereas the varicosities themselves remained. When CytD was applied, the structural dyvaricosities at target sites was specifically induced by 5-HT. The presynaptic activation of ApCdc42 was obnamics as well as the extension of filopodia induced by 5-HT were completely eliminated ( Figure 5H In Aplysia, the activation of ApCdc42 in sensory neun = 10, p < 0.05; U73122, 3.0% ± 4.6%, n = 8, p < 0.001; KT5720, 11% ± 9.0%, n = 7, p < 0.05, versus 5-HT, rons leads to the outgrowth of filopodia from presynaptic varicosities. Interestingly, 5-HT stimulation by itself 28% ± 5.2%, n = 9). 17.3 ± 0.7, 18.1 ± 0.8, 10.6 ± 3.7, 14.1 ± 3.1, 15.0 ± 4.2, 15.2 ± 3.1, 13.6 ± 2.5, and 18.2 ± 2.1, respectively.
Experimental Procedures

FRET Analysis of Cdc42 Activity Aplysia Culture and Electrophysiology
Images of CFP, YFP, and FRET channels were obtained with a Zeiss Sensory-motor neuron cultures of Aplysia californica were pre-LSM510 system using 40× or 63× water immersion lenses. Argon pared as previously described (Rayport and Schacher, 1986) . LTF laser lines of 458 and 514 nm were used to excite CFP and YFP, and STF were induced by the bath application of 10 M 5-HT respectively. Emission filters used were BP480-520 for CFP chan- (Montarolo et al., 1986) . ToxB (500 ng/ml; prepared freshly; Calbionel and LP530 for YFP and FRET channels. Imaging conditions chem) was added after 5-HT stimulation for LTF or 3 hr prior to the were optimized to prevent saturation, to minimize signal contamiinitial EPSP measurement for STF. CytD (1 M) was added 3 hr nation, and to prevent photobleach, and the same settings were before measurements. KT5720 ( 
